A solar tower for a closed unfired Joule-Brayton cycle is considered. An analysis for four different plants rated power levels is performed. The system here analyzed comprises an intercooled and regenerated gas turbine engine, a concentrating solar tower with pressurized volumetric receiver and a heat exchanger to perform cooling of the working fluid, allowing its recirculation. The plant scheme enables an output adjustment, using an auxiliary compressor. A constant value of the solar receiver outlet temperature approximately of 800 °C, without use of fuel, in a large range of power, is obtained, guaranteeing a net thermal-to-electric efficiency around 40%. Thermoflex© has been used for the thermodynamics analysis and WinDelsol for solar field design and simulation (heliostat field and receiver). For the purposes of this work, it is assumed that the plant is located in Seville, Spain, with an annual direct normal irradiation (DNI) of 2,068 kWh /m2.
INTRODUCTION
The use of Gas-Turbines with concentrated solar tower has been under development for several decades, with early work performed in the 1980s by Scheuerer [1] and Schmuttermair [2] using a heavily modified ALLISON 250-C20B helicopter engine. Their research activities laid the groundwork for pressurized solar air receiver design, as well as dynamic simulation and control of solar gas-turbines. Since the beginning of the 2000s, a number of EU-funded projects have examined small-scale hybrid solar gas-turbines, such as the SOLGATE [3] and SOLHYCO [4] projects, which showed solarized micro gas-turbine units up to 250 kWe. These projects also allowed the demonstration of different types of high-temperature pressurized solar air receivers, with sustained outlet temperatures up to 960°C. The SOLHYCO project also demonstrated the potential of using sustainably derived biodiesel as a hybridization fuel. Following the success of these small-scale units, a large-scale prototype was funded by the EU. SOLUGAS project allowed the construction of a solar hybrid gas turbine system of 4.6 MWe, based on a Mercury 50 [5] . Currently, the only gas-turbine solar hybrid system available on the market is produced by Aora-Solar [23] providing a unit 100 kWe for off-grid and cogeneration applications. The Aora system has been successfully installed at test sites in Israel and Spain.
Some studies about the possibility of the use of only air as fluid work, was performed by a research financed from Google [6] and recently our research group has examinated the use of storage [7] [24] .
This latter option could be promising since complex technological combinations have just been taken into account from recent policy instruments, especially, for those ones related to solar energy deployment [20] .
The system, shown in figure 1, is composed of three subsystems. First subsystem is made up by a solar tower, a heliostat field, in north field configuration and pressurized receiver. The second one is composed by an intercooled and regenerated gas turbine. In the third subsystem, we can find the cooling system, while the last subsystem is composed by an auxiliary compressor and a bleed valve. The facility layout is conceived to allow changing the air flow rate and, consequently, the power, by changing the density of the air flowing in the circuit (compressor, solar receiver, turbine and heat exchangers).
In figure 1 the red line shows the air flow path. By convention, it is considered that the cycle begins with the compression process, i.e. at the suction of the main compressor (3) . At the end of the compression, the air is sent to the regenerator, where it passes through the cold side. After that, it enters into the solar receiver, where it is heated up to 800 ° C by the concentrated solar flux, then is forwarded to the gas turbine. The solar radiation, on the receiver, it is absorbed inside the structure "volume" (volumetric effect). The air is forced through the absorber (a porous structure) and is heated by convective heat transfer [22] . In the pressurized volumetric receiver, the absorber is inside an internally insulated pressure vessel closed by a transparent quartz window and usually connected to a secondary concentrator. Because of the restricted size of quartz windows, a number of volumetric receivers (cluster) is required to achieve the desired power levels [4] .
The air mass flow at turbine outlet (end of the expansion) is canalized toward the regenerator (hot side) and finally, to the low temperature heat exchanger to restart the cycle.
The power adjustments are obtained with the addition of air inside the closed system by the auxiliary compressor (8) , so the internal air average density increases, or with the release of air to the atmosphere through the bleed valve (9) that results in reducing the internal air density. The mass flow rate circulating in the system (as well as the power) follows the density changes that, in turn, follow the available thermal solar power. The basic idea of the proposed system is the adjustment of the air temperature at the solar receiver exit, which is kept constant without use of fuel. In the present work this temperature has been considered equal to the one at turbine inlet; no heat losses from the air passing from the receiver to the turbine have been taken into account.
As said before, the value of the base pressure of the cycle is modified by changing the amount of air contained within the system, then the average density and the mass flow rate, to obtain the temperature set point value at the output of the solar receiver. We compared the results of these simulations, in terms of energy production and efficiency, with a reference plant with the same peak power but without density control. In this case, by IGV compressor and the throttle valve of the turbine, a different mass flow control was obtained. Figure 2 shows the scheme of the open Brayton cycle used for the comparison; note that in this case the auxiliary compressor and low temperature heat exchanger are not present.
METHODOLOGY
The focus of this work is on the solar field performance; a preliminary analysis can be found in [8] . We examined the solar field for different engine rated power: 5 MW, 10 MW, 20 MW and 50 MW. These sizes have been used to compare the performances obtained from the simulations with others CSP plant currently in operational stage.
First, we will illustrate the simulation made on WinDelsol [17] and then the ones performed in Thermoflex [18] .
The WinDelsol heliostat field models for each size have been used to simulate both plants with density control and with IGV control systems.
Solar field system simulation
In this study, we imposed some parameters, as the maximum exit air temperature from the receiver, the solar multiple and the heliostat size.
WinDelsol has been used to optimize the solar field, while, Thermoflex was employed to simulate the performance of the entire plant. We used results from the optimization and analysis with WinDelsol software, as the tower height, optical efficiency matrix, ratio between outer and inner radius, heliostats number, and receiver dimension.
An average flux incident on the receiver of 400 kW/m 2 [9] and an air temperature at the receiver outlet of 800 º C [10] are assumed. Previous work [19] has demonstrated the influence of the solar multiple (SM) with this kind of control system. In this work, a SM equal to 1.3, reasonable for a CSP system without storage, is assumed. Last parameters are the heliostat dimension and reflectivity, that were assumed of 120 m 2 and 92%, respectively [11] .
To choose the DNI design point, we use the percentile 95 of the CDF from data of TMY3 of Seville [21] , resulting in a design point 850 W/m 2 . A switch off (threshold) DNI value of 300 W/m 2 was also assumed Table 1 shows the data used in WinDelsol to design the solar fields for the four gas turbine rated power values. 
where:
T is the maximum exit temperature of the receiver, α is the absortance of the receiver surface at his mean temperature, A is the square receiver surface calculated by equation 2
Incident flux is the average flux incident in and PTh,max is the maximum power incident into the receiver surface evaluated as:
Pel is the electric power i.e. the power rate chosen for the analysis and ηc is the cycle efficiency. The convection losses were assumed from default of the code Delsol 3 [13] .
In table 3 are resumed the main data related the solar field dimension using in the simulation to maximizing the optical efficiency. Table 3 , shows the values of the sensibility analysis results performed on maximum ratio of outer and inner radius and span angle of the solar field.
The outer radius is the maximum radial distance in terms of equivalent tower heights that heliostats may be placed in the field.
The inner radius is the minimum radial distance in terms of equivalent tower heights that heliostats may be placed in the field. [13] The span angle is the aperture of heliostat field in term of degree.
We used an optimization step of 2% so for the 5 MW receiver orientation we used a value of 105° [14] . A value of 90° have been used for others solar fields. Table 3 . Data input in WinDelsol for each peak power
Gas Turbine and heat exchanger simulation
To simulate the entire plant, in particular the gas turbine system, as well as the heat exchangers, Thermoflex has been employed.
The output data calculated by WinDelsol software were used to characterize the solar field subsystem in Thermoflex, while the other subsystems were optimized in thermodynamic design by the software. We analyzed the performance in steady state condition in an interval of one hour, using the data taken from TMY3 of Seville.
To simulate both plants in Thermoflex software, we add hourly data of Azimuth and Zenith angle, as well as DNI, relative humidity and ambient temperature in the solar tower subsystem.
The main data used for the simulation of gas turbine at design point (open and closed loop) for each power plant, are resumed in table 4. 
Closed Brayton cycle
For the characterization of the closed cycle, illustrated in figure 1 , we have to impose the maximum inlet base pressure of 5 bar. The reason is the issue of the maximum pressure resistance of the receiver materials; the literature [15] considered as maximum value 30 bar. During the simulation, the code calculates automatically basic pressure of the cycle, mass flow of the entire plant, power produced, efficiency of the cycle, and other relevant parameters, when DNI, azimuth and zenith angle are varied.
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A value of base temperature cycle of 35°C has been considered, not depending in this case of ambient air temperature When the maximum flux incident on the receiver surface is reached, the code calculates the percentage of heliostat to be defocused to keep constant the radiant power incident on the receiver and the mass flow rate (at its maximum too). Figure 2 shows the open Brayton cycle; in this case, the control of the receiver outlet air temperature, in open cycle, is performed by IGV of the compressor.
Open Brayton cycle
In this case we imposed the maximum temperature of the solar field, and the code calculated the mass flow value, closing or opening the valve.
In this case, we have performed the simulation considering the ambient air temperature, while the exit air from the turbine does not restart the cycle as in the closed loop.
RESULTS
In this part, we will show the analysis result; first, the ones related the solar field, obtained by WinDelsol, in terms of tower height, optical losses of the heliostat field, pipes thermal losses and parasitic losses.
Then, the annual simulations, concerning entire plant have been performed by Thermoflow. Figure 5 shows the annual heliostat field performance, obtained by WinDelsol, the energy available on the solar field (blue line), the one on the receiver (red line), and finally (the one green) the useful thermal power delivered to the GT.
Results of the Thermoflex simulation show how the plant with density control system in closed loop cycle can achieve, in all size analyzed, an average annual efficiency about 40 %.
In table 5 are summarized the energy production and the average efficiency of closed loop cycle. As can be seen in Figure 6 , the energy production (blue line) increases consistently with the feeding rate, while the annual average electrical efficiency remains almost constant at the level of about 40%.
The best configuration, in terms of efficiency, is the plant of 50 MW, with a value of 40.04 % and an energy production of 121.91 GWh.
All plants, as showed by the analysis can work for about 2000 hours per year, without use of fuel.
In figure 7 , the results of the plant with IGV control system of GT (open cycle) are shown.
We can observe that the energy production, using this kind of control system is lower than the one with density control; the average annual efficiency is less too and it is not constant in all size configurations. The difference, in term of percentage of energy production, between both control systems analysed for all cases, is about 9%. The main difference is for 50 MW configuration that is about 10GWh.
DISCUSSION
The analysis in the work shows how the energy production of the analyzed plants is comparable with that of solar central receiver system currently in operational stage.
For example, we can consider the PS 10 [16] and PS 20 that have an energy production of about 20 GWh and 48 GWh respectively using a small storage. In the plants analyzed in this work of same size, results show that energy production is of 24 GWh for the 10 MW plant and of about 47 GWh for the 20 MW plant.
CONCLUSIONS
A feasibility analysis of a solar field feeding a closed unfired Joule-Brayton cycle has been carried out. The plant can adjust power output by the air density control. Using WinDelsol, the solar field was analyzed for several sizes, and then the behavior of each whole plant was simulated by Thermoflex.
The configuration with best efficiency among those considered is the 50 MW rated power plant, to which correspond an energy production of 121.91 GWh and an average annual efficiency of 40%; this plant can produce 10 GWh more energy than a solar tower system with an unfired ordinary GT, whose power adjustment is performed by IGV. A similar power block does not seem viable today in CSP plants, since solar-only plants would directly compete with much cheaper PV technology.
FURTHER WORK
Gas turbine power block in CSP plants is instead attractive in hybrid Configuration, to keep constant the performances at peak level. The hybrid plant retains greater simplicity but it is penalized by the consumption of natural gas and by the reduction of operating hours for switching off on days when high variability of DNI and, as a consequence, high fuel consumption, are expected. Generally the closed loop cycle, where the control of the density has been proposed, has a constant efficiency about of 40 % in all size configurations and allows to control the maximum temperature of the cycle in a large range of thermal power; moreover, the use of storage as well as the use of other working fluid might increase the operational hours.
